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Introduction
Tissue injury arising from, for example, surgery, trauma or inflammation leads to a pain sensation and hypersensitivity. In the periphery, inflammation leads to an innate immune cascade yielding release of active factors from blood, local and migrating inflammatory cells and injured cells. Many proalgesic mediators are known like PGs, bradykinin, histamine, protons and also ROS (Ji et al., 2016) . ROS consist of superoxide, peroxides and oxidative hydroxyls that possess strong oxidizing capabilities (Mittal et al., 2014) . Low concentrations of ROS promote cellular physiological processes. In contrast, accumulation of ROS and their metabolites generated by oxidative stress are crucial parts of the inflammatory response (Binder et al., 2016) . By activation of TRPA1 and TRPV1 channels , ROS promote inflammatory and neuropathic hypersensitivity as well as spontaneous nociception (Andersson et al., 2008; Keeble et al., 2009; Trevisan et al., 2016) . TRPA1 and TRPV1 cation channels are crucial for the mediation of inflammatory pain. The formation of neo-selfepitopes by ROS action, also known as oxidation-specific epitopes (OSE), which include 4-hydroxynonenal (4-HNE) and oxidized phospholipids (OxPL), represents endogenous damage-associated molecular patterns that are recognized by pattern recognition receptors of the innate immune system (Tsiantoulas et al., 2012) . Build-up of OSE initiate an inflammatory response with an intense feedback loop promoting neurogenic inflammation (Gouin et al., 2017) .
ROS-mediated activation of TRPA1 and TRPV1 channels has been suggested as the mechanism underlying painful pathologies such as rheumatoid and gouty arthritis (Trevisan et al., 2013; Pereira et al., 2017) , as well as trigeminal neuropathic pain (Trevisan et al., 2016) . TRPA1 and TRPV1 channels are polymodal transmembrane cation channels, critically involved in nociception. TRPA1 channels are essential for mechanosensation (Zappia et al., 2017) , while TRPV1 channels are necessary for noxious heat perception (Patwardhan et al., 2010) . TRPA1 channels are co-expressed with TRPV1 channels on a subset of peptidergic nociceptors. Upon activation, peptidergic nociceptors readily release proinflammatory agents, including CGRP and substance P (Viana, 2016) , which promote neurogenic inflammation (Koivisto et al., 2014; Gouin et al., 2017) . TRPA1 channels are activated by a wide range of electrophilic and nonelectrophilic endogenous and exogenous compounds as well as noxious cold (Viana, 2016) . Cold hypersensitivity and post-incisional guarding are transduced via ROS signalling (Miyake et al., 2016; Sugiyama et al., 2017) . Activation of TRPA1 channels by H 2 O 2 and 4-HNE, a downstream product of lipid peroxidation, is mediated by covalent modification of cysteine residues located in the N-terminus of the TRPA1 protein (Trevisani et al., 2007; Sawada et al., 2008) . Typical activators of TRPV1 channels are capsaicin, low pH or noxious heat (Stucky et al., 2009; Ogawa et al., 2016) .
Recently, we and others have shown that OxPL including oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC) activate heterologous and native TRPA1 as well as TRPV1 channels in vitro. Once locally injected, these lipids elicit thermal and mechanical hypersensitivity as well as acute nociception in vivo (Patwardhan et al., 2010; Liu et al., 2016; Oehler et al., 2017) . Furthermore, we showed that OxPAPCmediated activation of TRPA1 channels in vitro, as well as thermal and mechanical hypersensitivity induced by OxPAPC in vivo are blocked by a function-blocking autoantibody against oxidized phosphatidylcholine (OxPC), the E06 monoclonal antibody (Oehler et al., 2017) . In addition, mechanical hypersensitivity in hind paw inflammation induced by complete Freund's adjuvant (CFA) and in collagen-induced arthritis was ameliorated. Thus E06 was able to suppress pain induced by OxPAPC and inflammation.
E06, also known as T15, is a natural mouse monoclonal IgM autoantibody (Horkko et al., 1999; Faria-Neto et al., 2006) . E06 was first isolated from apolipoprotein E-deficient mice and specifically binds to the head group of OxPC in OxPL (Palinski et al., 1996; Friedman et al., 2002) . The major aim of this study was to now evaluate the specificity and efficiency of the same concentration of E06 in TRP channelmediated pain responses. Therefore, we chose 4-HNE as a more stable product of OxPAPC. As H 2 O 2 represents the ROS that activate TRPA1 and TRPV1 channels directly, we evaluated the inhibitory potential of E06 in vivo and in vitro. Capsaicin was tested to reveal the inhibitory function on TRPV1 channels and allyl isothiocyanate (AITC) was used to explore the role of channels. The results support a broader antinociceptive function of E06, presumably related to the formation of OxPC, and without a direct blockade of TRPA1 or TRPV1 channels.
Methods

Animals
All animal care and experimental protocols complied with international guidelines for the care and use of laboratory animals (EU Directive 2010/63/EU for animal experiments) and were approved by the Government of Unterfranken (protocol number 2-339 and 61/11). In approved score sheets criteria for discontinuation of the experiments and humane end points were defined and animals treated accordingly. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015) .
Male Wistar rats (200-300 g; 7-9 weeks old, Janvier Labs, Le Genest-Saint-Isle, France) were accommodated on dry litter in groups of six under standard conditions (12 h:12 h light/dark cycle, 21-25°C, 45-55% humidity) with food and water ad libitum. At the end of the experiments, the animals were killed with CO 2 . All experiments were carried out during the light phase of the cycle. Equal sizes (N = 6) per groups were planned. However, this was not achieved due to technical difficulties or loss of the samples during the experiments, as discussed below individually.
For dorsal root ganglia (DRG) preparations, C57BL/6 J mice were taken from the animal breeding facility of the Institute for Clinical Neurobiology, University Hospital of Würzburg, Germany. Both sexes were taken at the age of 8 to 10 weeks, weighing 20-25 g. Around six siblings were kept in one cage on dry litter. For feeding, mice had free access to dry SNIFF pellets and water. For housing, paper towels and hoods were added in the cages with dry litter. Animals were kept at 12:12 h day-night cycle. For tissue collection, mice were killed by CO 2 .
The experimenter was blinded to the treatments and performed all in vivo drug administrations and behavioural tests. Rats were randomly assigned to the treatment groups using a completely randomized design. The a priori calculated minimum number of the animals to reach statistical significance was used. Intraplantar injection of pronociceptive mediators and measurement of pain behaviour in rats, specially thermal and mechanical nociceptive thresholds, have been used for many years in pain research and are standard models and tests (see Mogil, 2009; Tappe-Theodor and Kuner, 2014) .
Drugs were given to the experimenter in coded vials and decoded only upon completion of testing: AITC (10 μmol) and capsaicin (245 nmol) were dissolved in saline containing 5% DMSO. H 2 O 2 (19.2 μmol) and 4-HNE (6 μmol) were diluted in PBS. E06 monoclonal mouse antibody (mAb; 2 μg) and mouse IgM isotype control (2 μg) were dissolved in saline. Doses were based on earlier studies (McNamara et al., 2007; Trevisani et al., 2007; Eid et al., 2008; Keeble et al., 2009; Trevisan et al., 2013) . We have previously shown that the injection of normal saline does not elicit hyperalgesia, infiltration with leukocytes or increased production of proalgesic mediators like PGs or IL-1β (Rittner et al., 2006) .
Behavioural testing
In order not to overgeneralize animal behaviours in addressing pain-like and relief-like behaviours, we used a taxonomy suggested by the International Association for the Study of Pain (Mogil, 2009; Corder et al., 2017) . Pain-like behaviours in rodents are separated into nociceptive withdrawal reflexes, affective-emotional responses and spontaneous nocifensive behaviours. Nociceptive withdrawals are fast reflexive retractions of the hind paw in response to nociceptive sensory input that are provoked by either mechanical or thermal stimuli. Spontaneous nocifensive behaviours are non-evoked flinches of the affected hind paw, which are attributed to ongoing nociception. Affective-emotional responses are temporally delayed intentional licking and guarding of the affected hind paw. Some animals were excluded due to mis-injection or accidental hematomas in the paws. In selected experiments, the group sizes were enlarged to reach higher statistical power.
Nociceptive reflexive measurements. For prolonged hypersensitivity measurements, pungent reagents and IgM or saline were injected in two consecutive injections at time point 0 under isoflurane anaesthesia. The total volume of each injection was 100 μL. Mechanical reflexive nociceptive thresholds were measured as using a paw pressure algesiometer (modified Randall-Selitto test; Ugo Basile, Comerio, Italy), and thermal reflexive nociceptive thresholds were measured as paw withdrawal latency using a plantar test apparatus (IITC Life Science Inc., Woodland Hills, USA) according to Hargreaves' method (Hargreaves et al., 1988) .
Mechanical and thermal thresholds were measured at time point of 0 (baseline) before injection as well as 1, 3 and 6 h after the injection as previously described (Rittner et al., 2009; Hackel et al., 2012) .
Spontaneous
nocifensive and affective motivational behaviour. E06, isotype control mAb or saline was preincubated with pungent reagents for 30 min before intraplantar injection. Animals were gently restrained and the above-mentioned mixture was injected intraplantarly. Subsequently, spontaneous pain-like behaviour was recorded within 10 min after injection. To this end, the animal was placed on a glass floor, watched by an experimenter who measured the duration of spontaneous nocifensive (flinching, Video S1) and affective motivational behaviours such as guarding (Video S2) and licking (Video S3) with a stopwatch (Tappe-Theodor and Kuner, 2014) .
Calcium imaging
Live cell fluorescent calcium imaging and cell stimulation were performed as described recently (Oehler et al., 2017) . As cellular models, we prepared HEK-293 cells stably expressing either recombinant human TRPA1 or rat TRPV1 channels or primary adult DRG neurons dissected from C57BL/6 male mice. In brief, fura-2/AM-labelled cells were excited with 340/380 nm, emission was read at 512 nm. Time-lapse image series were acquired at intervals of 2 s. The following reagents were used at indicated concentrations: AITC (10 μM), capsaicin (1 μM), E06 (3 ng), IgM isotype control Ab (3 ng), KCl (45 mM). The E06 dose was based on a preliminary dose response curve ( Figure S1 ).
Calcium imaging data were processed before statistical analysis of the number of reacting cells and the AUC. In DRG experiments, all cells that did not respond upon stimulation with K + ions were deleted from the results. Afterwards, the mean of basal fluorescence in each experiment was determined. Number of reacting cells (%) was calculated by defining 'reacting cells' as cells with a 1.5-fold increase in mean basal fluorescent intensity after stimulation. The AUC was calculated from the mean between X:60 s to 240 s and Y:fluorescence ratio of mean(basal) and mean(stimulation).
In HEK-293 cell experiments, non-reactive cells were not excluded from the results as lack of responsiveness could not be differentiated from lack of transfection.
Lipid extraction
Plantar paw tissue was dissected, skinned and snap-frozen in liquid nitrogen, and kept in À80°C until extraction. Extraction was performed by a modified Folch extraction procedure (Folch et al., 1957; Watson et al., 1997; Oskolkova et al., 2010; Stubiger et al., 2010; Marra et al., 2016) . Paw tissue was weighted, minced and homogenized in a chloroformmethanol-water mixture (volume 2:1:1) using a sonifier (IKA ® RW 14, IKW ® -Werke, Staufen, Germany). After centrifugation at 1500× g, 4°C, 30 min, the chloroform phase containing lipids was retrieved and evaporated under nitrogen. Extracted lipids were immediately used in binding assays. Group sizes were not equal due to sample loss during extraction.
Binding assays
Competitive binding assays were performed to quantify E06-binding lipids in rats' paws (Oehler et al., 2017) . Direct and competitive binding assays were performed to probe E06 binding with 4-HNE or 4-HNE protein adducts. Non-specific binding was blocked with 2% BSA, 0.27 mM EDTA in PBS. Unless otherwise mentioned, the washing solution was PBS. Samples were run in duplicate. The mean fluorescence intensity (FI) for each sample was quantified and calculated with excitation at 485 nm and read out at 520 nm using a Tecan Genios pro Fluorescence plate reader (Tecan group Ltd., Maennedorf, Switzerland). As the FI is quantified in arbitrary units and is sensitive to the 'gain' of the sensors that are set automatically for each measurement, the controls were set at 100% to have comparable read outs. For the analysis of unknown samples, the standard curve was calculated with a titre of synthetic OxPAPC (0.032-20 μg, Hycultech GmbH, Beutelsbach, Germany) using a four-parameter logistic curve regression model (Watson et al., 1997; Chattopadhyay et al., 2016) . To determine the binding potency of E06 to OxPAPC, 4-HNE and 4-HNE-BSA, relative FI changes were calculated as percentage of negative sample FI (buffer only) using the formula: 
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . For the behavioural assays, equal sizes (N = 6) of groups were planned. However, this was not always achieved due to technical difficulties or loss of the samples during extraction, mis-injection or accidental haematomas in the paws. In selected experiments, the group sizes were enlarged to reach higher statistical power and thereby to completely exclude that there is an effect of E06 on 4-HNE-induced spontaneous nocifensive and affective motivational behaviour (Figures 3 and 4 ). In the in vitro studies, group sizes of at least 5 animals were planned. In calcium imaging, a variety of factors influenced the experiments with DRG neurons, particularly a loss of cells, in some cases, during DRG preparation and culture.
Results are reported as mean ± SEM. SigmaPlot 12.5 (Systat Software Inc., Erkrath, Germany) was used for the analysis of the in vivo data and the binding assay. All data sets were tested for normal distribution (Shapiro-Wilk test) and equality of variance (Brown-Forsythe test) . We used two-way repeated measurement ANOVA followed by Holm-Sidak post hoc multiple comparison test for behavioural, prolonged hypersensitivity data and OxPL quantification data because of the higher power of the test, compared with Bonferroni's test. Statistics of the calcium imaging data were calculated with OriginPro 2017 (64 bit), b9.4.0.220 (Academic), OriginLab Corporation, Northampton, MA 01060, USA. All data were tested for homogeneity by Shapiro-Wilk test. When data were normally distributed, a two-sample t-test or one-way ANOVA was performed. The Bonferroni post hoc test was only performed when P(F) < 0.05. Kruskal-Wallis ANOVA was performed when data were inhomogeneous. Differences were considered significant when P < 0.05. The boxplot was defined as follows: box = upper and lower quartile, whisker = 1x SD, line = median, square = mean, diamonds = upper/lower outlier. In the scatter plot, the black line indicates the mean; the grey line shows the median.
Materials
The materials used in these experiments were supplied as follows. AITC, H 2 O 2 , capsaicin, DMSO (Sigma-Aldrich, Taufkirchen, Germany), 4-HNE (Alpha Diagnostic International, San Antonio, USA), E06 (Avanti Polar Lipids, Alabaster, AL, USA) and mouse IgM isotype control (Biomol GmbH, Hamburg, Germany), Fura-2/AM (Life Technologies, Darmstadt, Germany), Black flat bottom Microfluor 1 96 wells plates (Thermo Scientific), Black OxPC Snoopers ® (ELISA well strips, pre-coated with OxPC species, Avanti Polar Lipids).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/ BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2017/18 (Alexander et al., 2017) .
Results
E06 blocked the prolonged mechanical hypersensitivity induced by agonists of TRPA1 or TRPV1 channels
We first wanted to delineate whether other proalgesic molecules from the ROS pathway, such as H 2 O 2 and the downstream lipid peroxidation metabolite 4-HNE, were blocked by E06. As controls, the agonists for TRPA1 and TRPV1 channels, AITC and capsaicin respectively, were chosen. E06, isotype control Ab or saline were intraplantarly co-injected with these agonists (Figure 1 ). Paw pressure thresholds decreased after 4-HNE application and reached their minimum 3 h after injection in control groups treated with saline or IgM isotype antibody. E06 significantly attenuated 4-HNE-induced mechanical hypersensitivity ( Figure 1A) . Similarly, intraplantar injection of H 2 O 2 led to mechanical hypersensitivity with the lowest mechanical nociceptive threshold after 3 h. However, E06 did not change nociceptive behaviour induced by H 2 O 2 in comparison to the control groups ( Figure 1B ). Mechanical hypersensitivity caused by intraplantar injection of the TRPA1 channel agonist AITC peaked at 3-6 h after the injection. This was prevented by E06 ( Figure 1C ). Intraplantar injection of the TRPV1channel agonist capsaicin also elicited mechanical hypersensitivity, which peaked 1 h after the injection. Here as well, the effect was blocked by E06 ( Figure 1D ). Thus E06 prevented the development of mechanical hyperalgesia elicited by 4-HNE at 3 h, AITC at 3 h and capsaicin at 1 h with no significant effect on the baseline mechanical nociceptive thresholds. Intraplantar injection of 4-HNE, H 2 O 2 and AITC also resulted in thermal hypersensitivity with a maximal effect at 3-6 h after injection of the compounds. For capsaicin, maximal hypersensitivity was observed 1 h after injection (Figure 2 ). Co-injection of E06, however, had no effect on development or severity of thermal hypersensitivity. In all of the experiments, mechanical and thermal withdrawal reflex thresholds did not change in the contralateral paws or after solvent injection (Figures S2-S4 ). In summary, E06 not only prevented inflammatory hypersensitivity evoked by CFA and OxPAPC (Oehler et al., 2017) but also prevented the prolonged mechanical hypersensitivity induced by 4-HNE, AITC and capsaicin.
E06 did not block acute nociception
To specifically examine early, presumably more agonistspecific events, the ability of E06 to block acute spontaneous pain-like behaviour immediately after irritant injection was assessed. Acute spontaneous pain-like behaviour was recorded as nocifensive behaviour and affective motivational behaviour. All agonists including 4-HNE, H 2 O 2 , AITC and capsaicin elicited spontaneous nocifensive (Figure 4 ) and affective motivational behaviour (Figure 4 ) with a distinctive magnitude in comparison to control treatments ( Figure S5) .
Next, agonists were pre-incubated with E06, IgM isotype or vehicle before they were intraplantarly injected into rat paws. 4-HNE ( Figure 3A ), H 2 O 2 ( Figure 3B ) , AITC ( Figure 3C ) and capsaicin-induced ( Figure 3D ) spontaneous nocifensive behaviour were not different between E06 and control groups. There were also no significant differences in affective motivational behaviours between E06 and control groups across all treatments (Figure 4) . Injection of E06, IgM isotype or saline alone did not elicit considerable nocifensive behaviours per se ( Figure S5 ). In summary, in the immediate phase of hypersensitivity, E06 did not prevent nocifensive behaviour or affective emotional behaviour. 
E06 blocked activation of TRPA1 channels by 4-HNE but not by the ROS source H 2 O 2
Here, we asked whether E06 could block the activation of TRPA1 channels by the ROS pathway intermediate 4-HNE as well. For this, HEK-293 cells recombinantly expressing hTRPA1 channels (HEK-293 TRPA1 ) were labelled with Fura-2/ AM, a ratiometric calcium dye. After measurement of basal values, 4-HNE, a mixture of 4-HNE and E06 or IgM isotype control Ab were added to the cells. E06 reduced TRPA1-mediated 4-HNE-evoked calcium influx ( Figure 5A) . A reduced number of reacting cells ( Figure 5D ) and a decreased responsiveness, indicated by decreased area under the calcium curve ( Figure 5E ), were found in presence of E06 compared to 4-HNE or the pre-incubated mixture of 4-HNE and IgM isotype control. H 2 O 2 increased intracellular calcium via activation of TRPA1 channels, as reported earlier (Andersson et al., 2008) . Both E06 and IgM isotype control Ab reduced the H 2 O 2 -mediated activation of TRPA1 channels, implying a non-specific interaction with antibodies per se ( Figure 5F -J). To confirm unspecific effects of IgM control antibodies, we repeated the calcium imaging experiment with AITC and a different IgM control antibody on HEK-293 TRPA1 . Both IgM control antibodies used decreased the number of activated cells ( Figure S6 ).
E06 did not affect responses to exogenous TRPV1 channel agonists on HEK-293 cells
To test whether the E06-mediated inhibition is broadly targeting TRP ligands, we used the exogenous TRPV1 agonist capsaicin to stimulate recombinantly expressed TRPV1 channels in HEK-293 cells. activation of TRPV1 channels was not altered when capsaicin was pre-incubated with E06 before application compared with the effects of capsaicin alone. Both the number of reacting cells and the AUC remained unchanged irrespective of the stimulus (Figure 6 ). Similarly, in our former study, we found no specific blockade of AITC-induced calcium influx in HEK-293 TRPA1 cells (Oehler et al., 2017) .
Block of 4-HNE-evoked calcium influx in DRGs by E06
In the next step, we asked whether we could mimic these findings in primary naïve DRG neurons of C57BL/6 wildtype mice upon stimulation with 4-HNE or H 2 O 2 ( Figure 7A-C) . While 4-HNE raised the intracellular calcium levels, E06 prevented 4-HNE-evoked changes in intracellular calcium represented by single traces ( Figure 7A , grey lines) and the mean trace (black line). AITC, capsaicin and potassium served as internal controls. Statistical analyses of the data revealed significant changes of the AUC ( Figure 7B ) and the number of reacting cells ( Figure 7C ). In similar experiments using H 2 O 2 , E06 only slightly diminished the increase in intracellular calcium. We propose an additional mechanism, independent of TRPA1 channels, inducing an increase of intracellular calcium in DRG neurons by H 2 O 2 that cannot sufficiently be blocked by E06. The AUC was lowered non-significantly ( Figure 7E ) while the number of reacting cells ( Figure 7F ) decreased significantly. To sum up, 4-HNE induced calcium influx is prevented by E06 in naïve DRG neurons and in TRPA1-expressing HEK-293 cells.
No binding of E06 to either 4-HNE or 4-HNE-BSA
Based on our in vitro and in vivo findings, we could not rule out the possibility that E06 neutralized free 4-HNE bioactivity via immunoreactive binding. To this end, we performed a series of direct and competitive binding assays. While synthetic OxPAPC dose-dependently bound to fluorescent E06 in a competitive ( Figure 8A ) and a direct ( Figure 8B ) binding assay, no binding of free 4-HNE or 4-HNE protein adducts to E06 was detectable.
Accumulation of E06-reactive phospholipids in rat paws
Finally, we hypothesized that activation of TRPA1 or TRPV1 channels, as well as ROS metabolites, stimulate the 
Discussion
OxPL such as OxPAPC are key activators of nociceptors in inflammation and elicit peripheral hypersensitivity that can be blocked by E06 (Oehler et al., 2017) . Here, we studied E06 as a local treatment option for hypersensitivity evoked by endogenous and exogenous irritants such as 4-HNE, H 2 O 2 , AITC or capsaicin. While acute nocifensive behaviour or prolonged thermal hypersensitivity remained unaffected, E06 significantly inhibited prolonged mechanical hypersensitivity by 4-HNE, AITC or capsaicin. We showed in vitro that E06 blocks activation of TRPA1 channels induced by 4-HNE but not calcium responses evoked by AITC or H 2 O 2 . In vivo, all of these agonists of TRPA1 or TRPV1 channels elicited formation of OxPL which were captured by E06 leading to antinociception. We assume that H 2 O 2 activates other nociceptive pathways, thus making E06 treatments ineffective.
E06 as a diagnostic and therapeutic agent
In our current as well as in our previous study, we offer evidence that E06 inhibits inflammation-and prolonged irritant-induced hypersensitivity (Oehler et al., 2017) . E06 binds specifically to the oxidized head group of phosphatidylcholines (Friedman et al., 2002; Thimmulappa et al., 2012) . The antibody is mainly and widely used in diagnostics, as it detects OxPL by immunohistochemistry or binding studies in a wide range of inflammatory diseases, including acidinduced lung injury (Imai et al., 2008) , arteriosclerosis (Shaw et al., 2000; Ravandi et al., 2014) , bacterial peritonitis (Matt et al., 2013) , multiple sclerosis (Haider et al., 2011) , inflammatory nephritis (Buga et al., 2008) and age-related macular degeneration (Handa et al., 2015) . In vitro, E06 helped, as a blocker of OxPL, to elucidate cellular mechanisms of OxPL. For example, E06 neutralizes pro-inflammatory effects of OxPL on macrophages by blocking their attachment to scavenger receptors and TLRs (Imai et al., 2008) . The therapeutic potential of E06 with its antiinflammatory, anti-atherogenic and pro-resolving properties is far less well explored. Two studies used systemic E06 application: passive immunization with E06 protects against atherosclerotic plaque development (Faria- Neto et al., 2006) and the development of inflammatory arthritis via E06 mAb in pain interaction of the antibody with the complement system (Chen et al., 2009) . Local treatments, reducing costs and limiting off target effects, are additional therapeutic options. For example, intranasal E06 increases the uptake of OxPL by macrophages in mice exposed to cigarette smoke (Thayaparan et al., 2016) . In our previous study, intraplantar E06 application ameliorated hypersensitivity due to intraplantar OxPAPC application, CFA-induced hind paw inflammation and collagen-induced arthritis (Oehler et al., 2017) . In the current study, we strengthen this potential by providing additional evidence for the usefulness of E06 in the treatment of prolonged irritant-induced mechanical hypersensitivity.
Antibodies are currently in phase III studies in pain treatment, for example, anti-NGF for osteoarthritis (Tiseo et al., 2014) or back pain (Kivitz et al., 2013) and anti-CGRP for prophylaxis of migraine (Bigal et al., 2015a; Bigal et al., 2015b) . Therefore, it is conceivable in the future that E06 Ab could be used for inflammatory pain treatment if humanized and applied locally.
Binding of E06
Based on the in vitro experiments, we proposed that 4-HNE binds to E06, because pre-incubation of the compounds prevented calcium influx in DRG neurons. E06 failed to recognize 4-HNE coupled to LDL (Palinski et al., 1996) in contrast to another antibody, NA59, which was found to bind free 4-HNE and 4-HNE-LDL (Palinski et al., 1990) . We now extend these studies and verified that neither free 4-HNE nor 4-HNE-BSA bound to E06. Similarly, direct interactions of AITC or capsaicin with E06 are very unlikely because of the lack of structural homologies between these irritants and OxPC.
How can in vivo antinociception by E06 against 4-HNE-, AITC-and capsaicin-induced hypersensitivity and the in vitro data be explained? We proposed indirect mechanisms. Therefore, we tested whether irritants elicit OxPL formation and found an increase of OxPL in paw tissue. We suggest that residential tissue macrophages are the source of ROS and OxPL. Phagocytosing neutrophils need more than 1-2 h to migrate into the tissue after irritant injection (Keeble et al., 2009) , do not clearly express functional TRPA1 or TRPV1 channels (Parenti et al., 2016) and are therefore an unlikely source. During activation of macrophages, ROS are released and thereby OxPL can be produced. Indeed, E06 positive macrophages have been found in multiple sclerosis lesions in the brain (Haider et al., 2011) or in macrophages in atherosclerosis (Briley-Saebo et al., 2008) . The expression of functional TRPA1 and possibly TRPV1 channels on macrophages is controversial (Parenti et al., 2016; De Logu et al., 2017) . Oxidized LDL triggers TRPA1-dependent Ca 2+ influx in bone marrow derived macrophages , and TRPA1 channel ligands reduce nitrite levels in LPS-treated macrophages (Romano et al., 2013) . In contrast, neither naïve nor LPS-activated peritoneal macrophages express TRPA1 channels and increase intracellular calcium after AITC (De Logu et al., 2017) . Therefore, we rather propose that macrophages are activated, for example, by CGRP or substance P released from nociceptors after stimulation of TRPA1 or TRPV1 channels (McMahon et al., 2015) . In addition, OxPL can be very pro-inflammatory and is likely to promote a local cycle of inflammation that in turn generates more OxPL. The PC head group is essential for E06 antigenicity, but its availability depends on the OxPC conformation. OxPAPC contains several OxPL like 1-palmitoyl-2-(5 0 -oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC), 1-palmitoyl-2-epoxyisoprostane-sn-glycero-3-phosphocholine (PEIPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) (Oehler et al., 2017) . At least in solution, E06 neither binds PGPC nor POVPC as a monomer (Friedman et al., 2002) . It does bind POVPC if attached to another POVPC and to a lysine of proteins. Schiff base formation and aldol condensation are important reactions for the conversion of phospholipids containing reactive aldehydes into immunogenic products (Friedman et al., 2002) . There are a large number of other OxPL that are very bioactive, such as the many different isomers of PEIPC, which bind E06. Here, we have shown that injection of AITC, capsaicin, 4-HNE and H 2 O 2 stimulated the production or release of OxPL binding to E06. These in turn will undergo adduct formation as well as other complex chemical reactions. In vitro, we argue that 4-HNE is highly reactive binding to proteins to form adducts (Shoeb et al., 2014) . We therefore think that binding of 4-HNE to E06 during pre-incubation will prevent 4-HNE from activating TRPA1 or TRPV1 channels and the consequent calcium influx. Taken together, our result show that E06 prevented the activation of TRPA1 and TRPV1 channels by blocking irritant-induced OxPLs and OSEs. In line with
Figure 9
Accumulation of OxPLs in rat paws treated with agonists of TRPA1 or TRPV1 channels. E06-reactive lipids from hind paws were quantified in comparison to OxPAPC. Male Wistar rats were intraplantarly treated with either H 2 O 2 , 4-HNE, AITC, capsaicin or saline. Lipids were extracted from the paws ex vivo after the indicated time points. Using a competitive binding assay, there were significantly more E06 reactive lipids in rat paws 3 h after H 2 O 2 , 4-HNE and AITC and 1 h after capsaicin treatment, compared with those in saline treated paws. Data are shown as E06-reactive lipids·per mg of paw tissue (wet weight) for each animal with the mean (black line) and the median (grey line). H 2 O 2 (N = 6), 4-HNE (N = 7), AITC (N = 5), capsaicin (N = 6), saline (N = 6). *P < 0.05, significantly different from saline; one-way ANOVA, post hoc Holm-Sidak test.
these data, we have previously shown that E06 but not IgM reduces the levels of low mass fragments of OxPAPC, for example, m/z 496.3, the H + adduct of lysophosphatidylcholine (LPC 16:0) in CFA-induced hind paw inflammation (Oehler et al., 2017) .
Pain behaviour induced by irritants
All irritants tested elicited reflexive nociceptive behaviour to thermal and mechanical stimuli, nocifensive and affective motivational behaviour. These findings are in line with the literature and extend previous reports. Besides the known tactile hypersensitivity, as detected by von Frey-test and nocifensive response (Trevisani et al., 2007) , 4-HNE elicits thermal hypersensitivity and some motivational nociceptive responses. Local application of H 2 O 2 causes mechanical and thermal hypersensitivity as well as nocifensive behaviour (Keeble et al., 2009) , oedema, cold hypersensitivity and ongoing nociception (Trevisan et al., 2013) . AITC and capsaicin trigger long-lasting mechanical and thermal hypersensitivity (Bautista et al., 2006; Endres-Becker et al., 2007) . Both also initiate spontaneous nocifensive and affective motivational nociceptive behaviour, the latter being more pronounced after intraplantar injection of capsaicin. Hence, irritants induce reflexive and complex behaviour to a different extent. Another TRPV1 agonist is resiniferatoxin, which strongly and irreversibly binds to these channels. After a short phase of hyperalgesia (Almasi et al., 2003) , it elicits long-lasting analgesia and ablates TRPV1 positive neurons (Mitchell et al., 2014; Brown et al., 2015) . By testing the immediate spontaneous nocifensive and affective motivations reaction to intraplantar capsaicin, which was not blocked by E06, we already tested the early phase. The latter antinociceptive effect of resiniferatoxin, however, would interfere with the E06-induced antinociception. Only OxPC eliciting mechanical hypersensitivity are captured by E06 while the ones evoking thermal hypersensitivity are not. Higher concentrations of OxPAPC are needed to activate the heat sensor TRPV1 channels (Oehler et al., 2017) . It seems unlikely that OxPAPC activates only the TRPV1 channels. Other channels are also required for heat sensation, for example, TRPM3, calcium activated chloride channel anoctamin 1 (Zhang, 2015) or TRPM2 (Tan and McNaughton, 2016) . Except for activation of TRPA1 and TRPV1 channels by OxPAPC (Oehler et al., 2017) , OxPL species or 4-HNE have not been studied activating these receptors. POVPC and PGPC do not activate TRPM2 and TRPM3 but stimulate TRPC5 (Al-Shawaf et al., 2010) . Therefore, 4-HNE, AITC and capsaicin seem to elicit the formation of other proalgesic mediators, which are not captured by E06, but do activate heat sensors. Possible candidates could be, for example, linoleic acid metabolites (Patwardhan et al., 2010) . From a clinical perspective, this finding does not diminish the potential of E06, because patients mainly suffer from mechanically induced pain.
OxPL are reactive phospholipids that interfere with plasma membranes. It is likely that the hydrophobic part inserts in the plasma membrane while the reactive, hydrophilic part remains outside. This can alter functional properties of lipids and proteins (Stemmer and Hermetter, 2012) . Finally, plasma membrane might rearrange and induce an activation of TRPA1 and even TRPV1 channels (Kwan et al., 2006; Jansson et al., 2013; Saghy et al., 2015) . Indeed, lipid raft integrity seems to be important for the gating of TRPV1 and TRPA1 channels in nociceptors. Therefore, the exact mechanism of action of OxPL needs to be further explored.
H 2 O 2 as a proalgesic mediator and TRP activator resistant to E06 blockade
Mechanical hypersensitivity induced by H 2 O 2 was not sensitive to E06 blockade. H 2 O 2 is a highly reactive radical that activates not only TRPA1 and TRPV1 channels (Keeble et al., 2009 ) but also TRPM2 and TRPC5 channels (Andersson et al., 2008; Naylor et al., 2011; DelloStritto et al., 2016) .
Which, then, are the possible mechanisms of H 2 O 2 -induced activation of nociceptors? Either direct receptor activation by H 2 O 2 or indirect mechanismssuch as the formation of downstream lipid peroxidation products activating TRP channels or increased expression of pro-inflammatory cytokines and chemokines might explain the actions of H 2 O 2 (Keeble et al., 2009; Chung et al., 2015) . Direct activation of TRPA1 channels by H 2 O 2 is mediated by H 2 O 2 -derived hydroxyl radicals (see Ogawa et al., 2016) . Indeed, several TRP channels expressed in various types of cells are known to utilize cysteine residues to sense alterations in redox status. Both extracellular and intracellular cysteine residues are likely to be subject to oxidative modification for activation of channels to occur. Therefore, it is conceivable that H 2 O 2 immediately and directly activates the above-mentioned TRPs, independent of subsequent OxPL formation.
Secondly, increased levels of ROS lead to downstream pathways like oxidation of unsaturated fatty acids, resulting in production of TRPA1-activating, reactive electrophilic lipid derivatives. While Keeble et al. could not detect peroxidized lipids upon intraplantar H 2 O 2 injection (Keeble et al., 2009) , we demonstrated the formation of OxPC by H 2 O 2 in vivo and thereby indirect mechanisms at later time points. OxPL like POVPC and PGPC could then also stimulate TRPC5 channels on DRGs (Al-Shawaf et al., 2010; Zimmermann et al., 2011) . Taking these considerations together, we propose direct interactions of H 2 O 2 activating nociceptors like TRPA1, TRPV1, TRPC5 or TRPM2 channels, independent of OxPL formation that cannot be blocked by E06.
In conclusion, our data suggest that the prototypical therapeutic E06 inhibited the prolonged mechanical hypersensitivity in Wistar rats induced by 4-HNE, capsaicin and AITC. OxPL are endogenous pain inducers and thus, antagonizing their function is a potent strategy for inflammatory pain treatment. Certain proalgesic substances, such as H 2 O 2 , are resistant to E06 treatment, emphasizing that E06 does ont block all nociceptive stimuli. Further studies are important to understand the role of OxPC and OSEs in other types of pain to implement E06 as a potential treatment option for pain.
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Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S2 Mechanical thresholds remain unchanged in the contralateral hind paw of male wistar rats after co-injection of either 2 μg E06 mAb, 2 μg IgM isotype or saline with 6 μmol 4-HNE (A), 19.2 μmol H2O2 (B), 10 μmol AITC (C) or 245 nmol capsaicin (D) into the ipsilateral paw. Paw pressure thresholds were recorded before injection (baseline) and 1 h, 3 h and 6 h after injections. Data is shown as mean paw pressure threshold for each treatment group ± SEM. 4-HNE (N = 6), H 2 O 2 (N = 7), AITC (N = 6), capsaicin (N = 6), Two-way RM ANOVA. Figure S3 Paw withdrawal latency on contralateral sides. Thermal thresholds remain unchanged in the contralateral hind paw of male wistar rats after co-injection of either 2 μg E06 mAb, 2 μg IgM isotype or saline with 6 μmol 4-HNE (A), 19.2 μmol H2O2 (B), 10 μmol AITC (C) or 245 nmol capsaicin (D) into the ipsilateral paw. Paw withdrawal latencies were recorded before injection (baseline) and 1 h, 3 h and 6 h after injections. Data is shown as mean paw withdrawal latency for each treatment group ± SEM. 4-HNE (N = 6), H2O2 (N = 6), AITC + E06 (N = 6), AITC + IgM (N = 5), AITC + saline (N = 5), capsaicin (N = 6), Two-way RM ANOVA. Figure S4 Paw withdrawal latency and paw pressure thresholds after saline and DMSO solvent injection. Paw withdrawal latencies (A) and paw pressure thresholds (B) were recorded before injection (baseline) and 1 h, 3 h and 6 h after injections of normal saline or 5% DMSO. Data is shown as mean ± SEM. DMSO/saline (N = 6 PWL, N= 7 PPT), Two-way RM ANOVA.
Figure S5
No nociceptive behaviour by intraplantar injection of E06 mAb or IgM isotype in comparison to saline Duration of spontaneous nocifensive behavior (A) and affective motivational behavior (B) following intraplantar injection of either saline, 2 μg IgM isotype or 2 μg E06 mAb into rat's hind paw was measured. Data is shown as mean cumulative duration of behavior within 10 min after injection for each treatment group ± SEM. N = 3/group. 
